H.E. Hurst spent some 60 years studying the Nile for the Egyptian government, and laid the foundation for a monumental set of hydrological records and investigations. His studies of the size of over-year reservoirs needed to maintain a given yield from Nile flows showed that this was greater than that based on random series. This finding, known as the Hurst phenomenon, was confirmed by other natural series and led to important advances in practical and theoretical statistics. His work led to the design of the Aswan High Dam and to continued research in Egypt.
Introduction
The career of Hurst was rooted in the Nile, whose complex behaviour he studied closely. From detailed study of the hydrological records he discovered what is known as the Hurst phenomenon, the fact that natural series do not vary randomly but have periods of high and low values. He illustrated this phenomenon with an immense amount of detailed analysis; as a result he was able to design over-year water storage which protected Egypt from the effects of severe drought and gave scientists in Egypt and worldwide a basis for realistic analysis. This paper supports this work with the benefit of longer flow records.
Hurst's life and character
Harold Edwin Hurst was born near Leicester in central England on 1 January 1880; his father was a builder and his mother had been headmistress of the village school. He left school at 15 and trained to be a teacher and attended evening classes; he then won a scholarship which enabled him to go to Oxford University in 1900. He read Physics and took a first-class degree in 1903, and remained as a lecturer and demonstrator while researching on the discharge of electricity in gases under Professor Townsend. In 1906 Captain H. G. Lyons, then Director-General of the Survey of Egypt, came to Oxford to receive an honorary degree and met Townsend at dinner, who suggested the next day to Hurst that he might apply for scientific work in Egypt (Sutcliffe 1979) . As a result he was appointed to the service of the Egyptian Government and was stationed at Helwan Observatory. His career lasted from 1906 to 1968, through many political changes.
Hurst was very fit, having played rugby for his college. He had excellent practical skills, having been trained in carpentry by his father. He enjoyed the outdoor life, which the Nile basin afforded with its opportunities for fishing and shooting. He spent much of his spare time in his workshop, where he was able to make instruments and where he carried out the experiments and calculations which made his name. His wife and sons were forced to stay in Oxfordshire during the war, so his work may have become his hobby. He always enjoyed the company of his Egyptian colleagues and neighbours, and in later years his Arabic was almost more fluent than his English.
For five years he worked mainly on terrestrial magnetism, but was also concerned with meteorology, astronomy, sub-soil water and survey work, as his published papers reveal. During survey work, he made observations from the top of the Great Pyramid. In 1913 he became head of the Meteorological Service, and in 1915 was appointed Head of the newly formed Physical Department, which included the hydrological work of the Ministry of Public Works. During his career he visited most of the Nile basin and his record of travel CONTACT John Sutcliffe j.v.sutcliffe.t21@btinternet.com
shows that he took full advantage of the advances in modes of travel. By 1909 he was travelling to Nubia and the Sudan, and in 1913 he travelled up the Blue Nile to Roseires by camel, and later travelled down the Ethiopian border towards the Baro. In 1924 when he paid his first visit to Uganda he travelled the reach from Nimule to Lake Albert with a line of porters like the early explorers, and did the same in 1926 when visiting Lake Victoria and into the Kagera basin in Rwanda and the Belgian Congo. In 1930-31, while visiting and measuring the flows of the Bahr el Ghazal tributaries, he travelled up the Jur tributary in a steamer which had to be pulled upstream using porters; on this trip he met an RAF pilot whom he persuaded to give him a flight in a seaplane which converted him to air reconnaissance and later to air photographic mapping. In 1950, at the age of 70, he undertook a 1000-mile tour of the Eastern Plain to the east of the Bahr el Jebel.
The Physical Department
The Physical Department from 1915, with Hurst as its Head (Fig. 1) , was responsible for collecting hydrological data from the whole Nile basin in Egypt, Sudan and East Africa, and a large amount of related research. River and lake levels were measured at more than a hundred sites, discharge measurements were taken and rating curves derived to calculate river flows, and rainfall records were collected throughout the basin in collaboration with national authorities. The results of this work were published in the many volumes and 5-yearly supplements of The Nile Basin; these included the details of discharge measurements, 10-day gauge levels and 10-day flows. Each major group of tributaries is also discussed in a separate volume, which includes analysis of the topography and water balance. The set of more than 60 published volumes, which has been called the Nile Encyclopedia, provides what is probably the most detailed set of records for any river system in the world. In his book The Nile, Hurst (1952; 2nd ed. 1957 ) emphasizes "the importance, when projects are in question, of personal knowledge of the river and personal visits to the sites". This involved an immense amount of travelling around the basin, including many visits (Hurst and Phillips 1931) (Simaika 1948 (Simaika , 1954 , but these were generally preceded by published reports. It is interesting to summarise their findings as described in their original publications. In the preface to the final account of the research into long-term storage (Hurst et al. 1965) , it is noted that "the research described in this book began about 1936", though interest in long-term storage had begun when the Physical Department was working on the hydrological data for the annual storage projects proposed by Sir Murdoch MacDonald in 1920. At this stage the only storage available was annual storage in the Aswan Dam, but proposals had been made for annual storage reservoirs on the Blue and White Niles above Khartoum. Tentative proposals were also made for over-year reservoirs in Lake Tana in Ethiopia on the Blue Nile, and in Lake Albert in Uganda in the White Nile basin, with the possibility of further storage in Lake Victoria (Fig. 2 ) which had been suggested as early as 1904 by Sir William Garstin.
At this time it was felt that the most promising sites for long-term storage were in upstream regions where reservoir evaporation would be largely offset by rainfall on the reservoir, so that attention was paid to the East African lakes which seemed to provide natural reservoir sites (Hurst 1948) . "The only possible reservoirs in which continuous storage can be attempted are the Great Lakes because they alone have the necessary capacity, and the climatic conditions are such that their levels can be raised without greatly increasing the losses of water by evaporation." (Hurst and Phillips 1938) . However, the flow series available for analysis were in general comparatively short, so that the first results, published in 1938 (Hurst and Phillips 1938) in a discussion of the Lake Albert Reservoir Project, were based on a record of lake outflows for the period 1904-1936. However, it was noted that qualitative evidence on lake levels collected and published by Lyons (1906) suggested that from 1870 to 1900 high floods were more common than in the period after 1900. It was noted in 1938 that both the Lake Albert outflow series and the longer annual flows of the main Nile at Aswan showed that, although the distribution of Nile floods follows the normal probability law if no consideration is given to their order of occurrence, the distribution when the order of occurrence enters into the question cannot be one of simple random probability; this is the crux of the Hurst phenomenon. Because river discharge has similar characteristics to its basin rainfall, it was suggested that information about rainfall fluctuations might throw light on river flow fluctuations. Examination of long series of rainfall, and of other long series of temperature and air pressure, revealed the existence in all these series of periods of generally high values and also of low values. Some 20 series were investigated in Hurst and Phillips (1938) , and the accumulated departures (R), when divided by their standard deviations (σ), were shown to have similar non-dimensional values which increased with the length of the record in years; all the values of R/σ so far obtained were presented in a graph ( Fig. 3) showing their linear relation to the length of the record N. "This is a regularity which was not expected and indicates that it may be possible to draw general inferences about the variability of meteorological factors". At this stage they were able to state that further research was in progress which tends to show that the properties discovered are of very general occurrence.
The effect of reducing the draft from the reservoir below the mean inflow was also investigated; the maximum accumulated deficit S was found for a selection of phenomena including rainfall, river flow, temperature and pressure for different rates of draft. The relation between draft and storage was studied empirically from many series of different types of natural phenomena, and again the results are very similar; the important result from all the cases was that a small reduction in the guaranteed draft makes a much greater reduction in the storage required to maintain it. The original curve is also included in Plate 26c of Hurst and Phillips (1938) but not reproduced in this paper. It is quoted as:
where M is mean, B is draft and σ is standard deviation. This implies that a decrease in draft of 0.25σ below the mean reduces the storage required to half that required to guarantee the mean. This relation is improved in later accounts with more phenomena included in the analysis. By 1946 (Hurst et al. 1946) , the number of series of separate phenomena used in analysis had grown to about 60, and the result is given as:
It is stated that the form of this result is confirmed by theoretical investigations based on the theory of probability applied to the tossing of coins, and in the diagram (Fig. 4) illustrating the relationship, the values of R/σ are plotted against √N. The increase in range with period is compared with the error on a line of levelling; the criterion for primary levelling was a misclosure below 4√k mm, where k is the distance in km. However, the greatest length of record used at this time was 162 years.
In an (ex-Hurst) copy of Vol. VII a short note from Nature is pasted (Hurst et al. 1947) , which states in reply to Dr C.E.P. Brooks that the theory underlying century storage was omitted from The Nile Basin to avoid complicating the discussion of Nile projects, but it was intended to publish a full account separately. (This is presumably the Supplement to Volume VII, discussed below.) The lack of long records at this stage made it impossible to distinguish practically whether R/σ varied with N or √N, so the form of the equation was obtained by considering the case of tossing a set of coins N times when the result tends to equal numbers of heads and tails and the frequency distribution is approximately Gaussian for a set of 10 or more coins. A mean value for the maximum excess of heads over tails, or range R, can be found as:
This was verified empirically by tossing 10 sixpences 1000 times and noting the mean values of R/σ√N. A much fuller account of the investigation was included in a Supplement to Volume VII (Hurst 1949) . (Although this volume in the Hurst collection is marked "For Official Use", it is signed by C.G. Hawes, the hydrological adviser to the Uganda Government, and inscribed H.E. Hurst, March 1949.) It is explained that "some preliminary results of investigations were given in Volume V (1938) and these could have been very much amplified in Volume VII, but it was thought inadvisable to increase the difficulty of a book, whose object was to describe a scheme of engineering projects, by adding a complicated theoretical investigation. This investigation is given in detail in the following pages." By this time the investigation had been extended to cover 75 different phenomena and 690 values of R had been calculated. More material extending over long periods had been gathered, in particular measurements of tree rings from the western United States and lake varves or annual deposits from several countries. The details of all records used in the analysis are listed in 30 pages of Appendices; the longest record is from Lake Saki, Crimea (provided by Dr Brooks), with two periods of 2000 years. The longest river series is the Roda gauge, Cairo (641-1946) , with a series of 1080 years of flood levels corrected for changes due to silt deposition. This greatly increased span of N led to the accepted equation of the form:
Values of K are estimated from the data from the expression log(R/σ)/log(N/2). A summary of results ( Fig. 5) showed that the mean values of K are nearly the same whatever the class of phenomenon from which they are determined, and the adopted mean value of K = 0.72 ± 0.006. This account of the theory was published more widely in 1951 (Hurst 1951) The phenomena include river records, rainfall, temperature, tree rings, and annual varves in lakes. As long records were required to investigate the form of the relation between R/σ and N, long records of different phenomena were included, including the very long annual level series at Cairo. The records of different phenomena were calculated separately and the mean values of groups of observations of log (R/σ) are plotted against logN and demonstrate a linear function. Because each expression must pass through the point (N = 2, R/σ = 1), expressions of the form:
were selected. The mean expression representing all the lines is:
which shows that the range R increases more rapidly with N in natural phenomena than in random events for which the power of N is 0.5. This is the key point of the Hurst phenomenon; although this conclusion was published in 1938 from observations at that time, it took a massive amount of additional work to increase the span of observations to reach the form of the relation reached in 1949.
Practical application to the Nile
The concept of Century Storage was first applied to the planning of the Equatorial Nile Project, according to which the long-term variations in the contributions of the Blue Nile and Atbara to irrigation in Egypt would be counteracted by storage in the Great Lakes of East Africa. The combined reservoir storage in Lake Albert and Lake Victoria, with a regulator on Lake Kyoga, would allow flows to be routed to arrive in Egypt during the "timely season" when they were needed for irrigation. The storage reservoirs would have to be supported by the construction of the Jonglei Canal in order to reduce the water losses in the Sudd. The inflow to the Sudd, or the swamps below Mongalla, is made up from the outflow from the East African lakes, and the highly seasonal flow of the tributaries below Lake Albert. About half this flow is lost to evaporation as the Bahr el Jebel spills through channels in the alluvial banks or over the banks during high flow periods. This spill flows down the flood-plain in the upper reaches of the Sudd and spreads widely in the lower reaches. However, this flooding supports vegetation which provides grazing which allows cattle to survive during the dry season. The local effects of the Egyptian proposals were studied for the Sudan Government between 1946 and 1954 by the Jonglei Investigation Team, and their report (1954) described in detail the dependence of the local pastoral economy on the natural hydrological regime. As part of this investigation, a survey of the flood-plain between Juba and Bor (Fig. 6 ) recorded "sample basins" of topography, including cross-sections and the alluvial banks, vegetation species and soils along cross-sections, and cattle-camps and their grazing areas. Subsequent research (Sutcliffe 1957 (Sutcliffe , 1974 on these sample basins, including flow records in the main river both upstream and downstream, led to estimates of seasonal flood volumes and levels, while statistical analysis of the elevation of each species along each cross-section confirmed the maximum depths of flooding tolerated by different species, and revealed the maximum range of flooding depth tolerated by papyrus swamp. Thus, the mechanism by which the hydrology controlled the balance between grazing and papyrus swamp was established. A subsequent low-level flight over the same area in 1982 revealed a dramatic shift of the vegetation species upstream, following the rise in Lake Victoria (Sutcliffe and Parks 1999) . Thus the relatively steady lake outflows and the seasonal variations in level caused by the tributaries below Lake Albert are vital to this important resource. Indeed, Hurst (pers. comm., 1962) commented that he was "always interested in the vegetation in the Sudd and told Butcher, many years ago, that it might well be found to be more important than engineering".
In 1956 the effects of a dam below Lake Albert were studied for the Uganda Government; a reconnaissance level survey led to an estimate that 1200 km 2 of land on the Uganda shore would be flooded by a reservoir at a level of 25 m on the Butiaba gauge, with an estimated total storage of 91 km 3 above the 10 m gauge level . As a contribution to control, an agreement was reached between the Egyptian and Ugandan authorities to increase the height of the Owen Falls dam at the outlet from Lake Victoria. The findings of the Jonglei Investigation Team (1954) led to the conclusion that the proposed regulation of a Lake Albert reservoir, with the proposed near reversal of the river regime, would not be acceptable. However, an alternative proposal had been made in 1948 for greatly increased storage at Aswan, and in October 1952 Hurst, Black and Simaika were asked to examine this proposal, which involved an estimate of the over-year storage required, and led to the construction of the Aswan High Dam or Sadd el Aali.
Lake Albert revisited
The pre-eminent practical finding of Hurst's research was that over-year storage in a reservoir required a larger capacity than would be estimated on the assumption that successive annual inflows were unrelated random events, especially if the yield was designed to approach the mean annual inflow. This may be illustrated by the example of his first project: an over-year reservoir in Lake Albert which would be fed by the outflows from Lake Victoria, affected by storage in Lake Kyoga, and supplemented by the inflows of the Semliki, which drains Lake Edward and Lake George. When Hurst was first engaged in 1938 on a study of this reservoir, he had only some 30 years of flow record to consider, though the outflow records from Lake Victoria date from 1896. He referred to the apparent high flows of the last quarter of the 19th century, but no measured flows were available. We now have over a century of measured outflows at Jinja, and these have been extended back to 1870 (Tate et al. 2001 ) using the low season flows at Aswan, which reflect the outflows from the East African lakes. Although the natural outflow from Lake Victoria was interrupted in 1954 after the construction of the Owen Falls Dam, the releases from the dam were based until recently on the Agreed Curve, which reproduced the natural regime, and recent natural flows can be estimated from naturalised levels (Sutcliffe and Petersen 2007) . Thus we have an extended series of annual outflows from Lake Victoria covering the years 1870-2010. Recent studies of the water balance of Lake Kyoga (Brown and Sutcliffe 2013) show that there is a reliable flow series at Kamdini of the lake outflow covering the years 1940-1977, and a reasonable longer series at Masindi Port from 1912. The annual outflows from Lake Kyoga can be extended with reasonable confidence by correlation with the Jinja outflow based on the 1940-1977 period. In turn the flow record of the Semliki at Bweramule can be extended by correlation with the Kamdini flows. These measured and extended flows have been combined to produce a long-term series of inflows to Lake Albert (averaging 32.3 km 3 ) covering the period 1870-2010 shown in Fig. 7 . This extended inflow series can be used to estimate the contents of a hypothetical reservoir in Lake Albert as illustrated in Fig. 8 . Like Hurst's estimates, this series does not include lake rainfall or evaporation. To demonstrate the contrast with a random series, the same annual inflows have been allocated to randomised calendar years and the effect on reservoir storage tested and included in Fig. 8 . Whereas the range of contents for the random series is some 180 km 3 , or 16-times the standard deviation (σ) of 11.3 km 3 , and corresponds closely to the expected random value of 1.25 σ√N, the extended historic series would have given rise to a range of about 565 km 3 , which is 50-times the standard deviation or 17 years of the mean inflow. This contrast provides a dramatic example of the Hurst phenomenon.
The Aswan High Dam
The concept of Century Storage had been based on theoretical analysis related to plans for over-year storage in Lake Albert and Lake Victoria. The objections of the Jonglei Investigation Team to the reversal of seasonal flooding through the Sudd, which was implicit in the positioning of the main over-year storage above the Sudd, drew attention to the benefit of a large reservoir downstream of the Sudd. It was also noted (Hurst et al. 1978 ) that there were now "no fewer than six independent nations with interests in the waters of the Upper Nile". (It is worth noting that more recent proposals for a Jonglei Canal do not imply a seasonal reversal.)
An Egyptian agricultural engineer, Adrian Daninos, who had read the proposals for over-year storage in the Great Lakes, conceived the idea of over-year storage at Aswan in a huge reservoir which would provide significant hydroelectric power for Egypt as well as greatly increasing the irrigated area (Hurst et al. 1959) . He contacted the Physical Department in 1948 with a query as to the storage capacity which would be required. He was assured by Mr R.P. Black that, although the capacity to provide full century storage did not exist, a large part of the flow could be controlled if a capacity of about 150 km 3 could be found. After an initial ground survey, an air survey contour map was produced, from which potential reservoir surface areas and contents were related to reduced level (RL) (metres above mean sea level at Alexandria) J. SUTCLIFFE ET AL. (Hurst et al. 1966, p. 42) . The capacity of the reservoir at its maximum level of RL 182 was estimated as 157.4 km 3 ; this was allocated to dead storage of 30 km 3 at RL 146, over-year storage of 90.0 km 3 at RL 175, and to flood protection and annual storage of 37.4 km 3 at RL 182. The average discharge of the Nile at Aswan has been extremely variable over the period of measured flows. At the time of the design of the High Dam, the annual discharges downstream of Aswan from 1870 to 1959 were used to summarise the means and standard deviations for different periods (Table 1) .
The accuracy of the flows before 1900 has been criticised, but Hurst et al. (1966) maintain that though they are of lower accuracy, being based on measured levels and a later rating curve, they are supported by the records from the Halfa gauge and recent flood levels. Based on more recent records the mean flow may be estimated as 92 km 3 and σ as 18 km 3 , and the 100-year capacity from:
may be estimated as 300 km 3 . At the same time the relation between accumulated deficit S and the range R with the draft equal to the mean, and M-B, with a draft B less than the mean M, was revised using 118 observations from 38 phenomena (Hurst et al. 1966 , Fig. VII-2) . The relation is expressed as:
A combination of these two expressions could be used to estimate the draft which could be expected from the storage available where the site did not have the storage capacity to provide the mean flow as draft. However, it was noted from the three periods of records at Aswan that the standard deviations are more variable than the means, and that "there is no such thing as a long term mean standard deviation". In order to estimate more precisely the draft that could be reasonably maintained with the available storage, it was decided to generate a large number of flow series with similar characteristics to natural series, and to test various drafts. In the case of Aswan, situated in an arid region, these trials should take account of evaporation losses from the reservoir. In such a case, there will be losses due to spilling when the reservoir is full, and also shortages of available water when the reservoir falls below its minimum permissible level. Reservoir regulation can be applied to reduce these two extremes as far as possible. Regulation rules may be tested on random series by drawing events from a population of inflows, but when this procedure, known as a Monte Carlo trial, is carried out on a natural series, a more complex approach is required. Hurst devised a procedure, using a set of cards expressed in terms of mean and standard deviation, but including a joker. The cards were drawn and replaced, but when the joker was drawn, this gave rise to a random bias introduced in the pack from which the annual flows are drawn and resulted in a random change in the mean. This procedure resulted in a distribution identical to natural phenomena, with the same mean and variability of the parameter K. Such flows were used to draw up rules of reservoir regulation for the Aswan High Dam with its known capacity.
During the design of the Aswan High Dam, 2000 cuttings from the card series were made, which gave 20 sets of 100 annual Aswan discharges, when adjusted to the mean of 93 km 3 and standard deviation of 19.3 km 3 , deduced from the period of years 1870/71 to 1957/58. These trials led to a design draft of 72 km 3 / year, allowing for a loss by evaporation of 10 km 3 or 10% of reservoir content, with a reduction applied when reservoir levels were low at the end of the year or a low flood was forecast. Under the Nile Waters Agreement of 1959, between Egypt and the Sudan, it was accepted that the long-term average flow of the Nile was 84 km 3 , and after allowing 10 km 3 as the average annual loss from the Aswan High Dam, the balance allocated to Egypt was 55.5 km 3 with 18.5 km 3 to the Sudan. In practice, in the early years after construction, the outflows from the Aswan reservoir were close to the allocation of 55.5 km 3 .
Toshka flood escape
A major aspect of the Aswan High Dam has been the need to relieve the threat of floods in lower Egypt, in view of the damage caused by the high floods of the late 19th century. A large portion of the available storage was reserved for flood protection, but Hurst (1952; 2nd ed. 1957, p. 314) noted that there had always been the intention to reduce the flood volume by diversion or reservoir storage, and both banks of the Nile from Khartoum to Aswan had been searched for a suitable depression. The Toshka depression, 250 km above Aswan, was investigated in 1972 as a possible site for a desert flood escape. Preliminary studies of air survey contour maps showed that a volume up to 120 km 3 could be stored in this depression, with a connecting channel about 30 km long from the reservoir. Its use was simulated over the high flow period 1870-1899, and it was noted that it would avoid downstream flood flow and channel degradation, and also allow the storage for flood protection to be significantly reduced. It was estimated (Hurst et al. 1978) that the construction of the Toshka flood escape could reduce the flood storage to 17.4 km 3 for annual control and increase the overyear storage to 115.8 km 3 . The Toshka flood escape came into operation in the 1990s.
The Aswan High Dam in the 1980s
Since its completion in 1964, the Aswan High Dam has experienced a pattern of inflows which has been very different from the records available at the time of its design. A naturalised series of flows at Aswan has been published in Volume IV of The Nile Basin (Hurst and Phillips 1933 and supplements) , with revisions in Volume VII (Hurst et al. 1946) . In recent years these have allowed for abstractions of flows from the Blue Nile through the Gezira and Managil canals, regulation in the Roseires and Sennar reservoirs, and evaporation from the Aswan and Jebel Aulia reservoirs. Figure 9 illustrates the annual flows which include the effects of the droughts in Ethiopia in the 1980s and the increase in outflows from Lake Victoria after the lake rise of 1961-1964. It is interesting to compare the performance of the actual Aswan High Dam since its construction, with the performance of the smaller dam which would have been designed for century storage on the assumption that inflow series were random. It can be estimated from the expression:
and the expression for a draft below the mean inflow, that in the absence of Hurst's insight a reservoir of 40 km 3 over-year storage would have been designed. This comparison illustrates the performance of the "Hurst dam" and the "Random dam" during the period 1964-1992, using the flow data for the Nile below the Aswan Dam and the water arriving at the Aswan Reservoir, published in The Nile Basin, vol. XI, and later supplements. The monthly storage contents of the reservoir can be deduced from the difference between the two series. The relation between survey level, surface area and reservoir contents is published in The Nile Basin, vol. X, pp 42-45 (Hurst et al. 1966) , so that the surface area may be deduced from reservoir level or contents. Figure 10 If it is assumed that the reservoir had been designed with only 40 km 3 allocated for over-year storage, and the same allocated discharges had been applied, the behaviour of the hypothetical smaller reservoir is illustrated in Fig. 10(b) . Significant spillage would have been necessary in 1976, and subsequent reservoir contents would have been reduced and evaporation lowered; however, a significant water shortage would have been likely during the period 1985-1988, when the drought ended in a major flood. Without the research Figure 9 . Discharges of the Natural River at Aswan, 1870-2007. which was undertaken by Hurst and his colleagues in the Physical Department before the Aswan High Dam was built, Egypt would have had to deal with severe water shortages during the drought in Ethiopia in the period 1985-1988 and the resulting low flows of the Blue Nile.
Recent research
It is also clear that research in Egypt on the hydrological behaviour of the Nile has taken advantage of the work of Hurst and other recent research. For example, recent research (Awadallah 2014) has studied the long series of Nile flows now available. By concentrating on the August-October naturalised flows at Aswan, the flows of the Blue Nile and Atbara have been largely separated from the more steady contributions of the White Nile; these contribute the bulk of the seasonal inflow to the Aswan dam site. By splitting the 130 years of data into overlapping series of 30 years and 50 years, the variation over time of the inflow has been illustrated by two diagrams (Fig. 11) . The probabilities of , 1964-1992. low floods have been estimated using L-moments, which avoid the distortions introduced by outliers when squared values are used. The results show the variability of the flows which have occurred over a long period and draw attention to the critical period which occurred in the 1980s.
The inflow to the Aswan High Dam will change as a result of climate change, water resources projects in upstream countries, and conservation projects in upstream wetlands. Although estimates have been made of some possible changes, their combination is unknown, so the effect of a matrix of changes in mean inflow and variability has been studied through synthetic data; 1000 years of inflow have been generated as Fractional Gaussian Noise with a Hurst coefficient of 0.72, using the spectral method of Caccia et al. (1997) , based on the naturalised flows of 1899-2007 with mean 86 km 3 and σ 14.7 km 3 . To illustrate the effect of changes in inflow, changes in the mean and standard deviations are applied to the same data, and the results are shown in Fig. 12(a) -(d). The temporal reliability index R t is the percentage of years in which the target draft can be met, while the volumetric index R v is the volume released as a percentage of the target draft, which is the 55.5 km 3 required for Egypt after the Sudan withdrawal of 18.5 km 3 and an allowance for evaporation. In addition to these indices, the maximum and mean 100-year deficit are illustrated. Thus, the continuation of the measurement and publication of Nile flows and of subsequent research add to the hydrological contribution of H.E. Hurst.
Hurst's legacy
Hurst's legacy to Egypt and the Nile basin may be summarised as the exceptional archive of hydrological records, covering most of the vast basin, including the river gauge levels, the complete sets of flow measurements and calculated 10-day and monthly mean discharges, published in a form readily available for water resources planning and research. A practical legacy is the complex hydrological planning of the Aswan reservoir, which has enabled Egypt to survive the drought which caused severe damage to many countries in the 1980s. Another legacy has been the example of his hydrological insight, which has left a tradition of realistic research into water resources problems. At the same time he always acknowledged the contributions of his colleagues, from observers to 'computers' and research scientists.
To the whole hydrological community, he has demonstrated that a 30-year period of records is inadequate evidence on which to estimate the mean value of a hydrological series, and even more inadequate to give a reasonable value of its variability. This is especially true in Africa, where variability of values can persist over long periods and over large areas; the runoff from different regions of Africa can change dramatically and cause prolonged droughts or periods of high flows which leave earlier estimates invalid (Sutcliffe and Knott 1987) . This insight led to advances in modelling techniques which took account of his long experience and practical insight. For example, O'Connell (1971) developed an ARMA model which was able to reproduce mathematically the Hurst behaviour which had previously been modelled using card techniques, with random changes. This led to mathematically based trials which could be reproduced more efficiently (Todini and O'Connell 1979) than by earlier techniques. Hurst was active in scientific matters for many years, as noted in Cole's obituary (Cole 1980) and in the accounts of scientific progress in later volumes of The Nile Basin. His career was marked by the award of the Telford gold medal by the Institution of Civil Engineers in 1957.
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